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- - Apstract

Diffraction-1imited phase conjugate reflection of an 1njection-locked high-power
(~ 1 Mw) ultraviolet excimer laser peam nas been gemonstrateda via stimylated Brillout.
scattering. Reflectivities nigher than 70% were attatned. Limitations as =ell as
coherence and power requirements for i1mage retention are discuSsed,

Introduction

Considerable attention has bee~ give: recently to pnase-conjugate reflection [1] of
ultraviolet laser peams [2]. Pctentiral applications, among others, are 1n laser fusign
and in nign resoluticn pnotolatnograpny [3]. Pnase conjugation 1n tng ultraviolet w=as
first reported using a quadaruplea na:YAG () = 2660 A) laser [2]. Reflectivities
below 0.1% were obtained by degenerate four-wave mixing in several ligquidas. Since
excimer lasers are tne most powerfyl ultraviolet raagtation sourcec availaple today, much
effort nas been made to reverse their ~avefront, Tne successful development of simple
injection-1ncking techniques in conjunction w=ith tnese fast (+ 20 ns) pulsea laser
Suarces has paved the wady to the Succ_.SSful wavefront reversal of excimer laser peams,
Two approachas have been {ana are sti1ll peing) i1nvestigated: (a) degenerate four-wave
mi-irg, particul,rly via tne production of tnermal gratings [6,7]; (D) wavefront revaersal
via stimylated Brtllouin packwara scattering ZBBS).

Altnogugh four-waie mixing seems to have Some 1nnerent agvantages as to tne apility of
reversing nighly aberrated beams, i1t 1S not _et clear wnicn approach 1s more practically
efficient with the nign power axcimer lasers. We have followed Doth approaches [7.8].

Ir this paper we shall empnasize the SBBS apuroacn. It 15 thne purpose of tne present
paper to JC:- 1be some experiments which have lead to fofficient (70% reflection) wmavefront
revercal af an excimer nign-power (> | MW) yltraviolet liser peam. We shall elucidate
the physical principles Involvea witn SBBS 1n terms of a1ffraction from adensity

gratings. In aniition, =e snall compare tne proccss to four-wave mixing,

Degenerate Four-wave Mixing ang SPABS

Degenerate Four-mave Mixing

In tnis cect on we briefly describe the four--ave mixing process (Fig. la). |t w11l
latar servc us .0 understand SBBS. Tne experimgntal setup consists of two precisely
counterprupagat.ng pump bDeams (p) and p2) and a probe beam. The probe beam 1s usually
much wegker than the pump beam and is to b~ phase conjugated. Pump p) ana tne probe
beam interfere to Set up an intensity qrating wnich generates a material grating through
the 1nteractiun between the optical field ana tne matertal. The second Dump Deam D7 is
diffracted (Bragg refleczion) from the material grating tn apprar as the phase conjugatea
probe beam. The reflectivity of each Bragg planes deprnds upan the nonlingar Ssuscepti-
bility of the material and tne pump s iIntencities. There igs a typical minimym nymber of
fragg pla~es anad coursequently a minimum grattng depth Ry, (1] requirea for an
efficient (100Y) four-wave mizxing pnase conjugate reflection. Thig minimum length, which
depends upon tne reflectivity of eacn Bragq plane, dertermines the Ccohrrence requirements
from the laser 1n the real-time nolography™ experiment.

To undarstard the power requirements for the pnase Cunjugation of a hlghly dbherratea
beam, one decomposes tire probs bpeam into a set of plana waves (Fi1q, Ipn). Facn plane wave
inttrferay wi®n tne pump bDeams to pPrnJuce 1tc own grating, The power roquirements far a
single grating reflacticn myltiplied by the numper gf plare wives {(wnicn depends upon the
degree of aberration) will give the power requirement for wavefrant reversal of an
sberrated Doaw,
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Stimulated Backward Brillouin Scattering (SBBS) ..

Stimulated backward Brillouin scattering has been extensively investigated in the
past, although mainly not in conjunction with pFase conjugation. The first demonstration
of the effect dates back to 1964 [9]. The use of SBBS for phase cecnjugation has been
first demonstrated by Zel'dovich in 1972 [10] and consequently in vhe visible and near ir

. parts of the spectrum by several groups [ and references there]. In all c»ses highly
~coherent pulsed lasers (Ruby, Nd:YAG) have been used.

In this paragraph we elucidate the physical principles behind SBBS in a simple
qualitative way which, however, provides an understanding of rcquirements and limitations
for the wavefront reversal of aberrated beams. Rather complex quantitative matheratical
analysis can be found in the literature. Figures 2a - 2c outline the relevant physical
effects.

Figure 2a shows the Brillouin reflection of a coherent optical beam frow an acoustic
ultrasonic wave. The acoustic wave of wavelength A,, frequency wg and velocity
vg (vg = wghg/2m) forms a moving grating. An optical beam of wavelength Ay (* Ag)
incident on the acnustic wave at the Bragg angle 8 (2Ag cos 65 = mig, m - integer)
will experience a amirror reflaction through positive interference and a Dopvler frequency
shift. The frequency shift will be wg.

Angular Resolution. The acceptance angle of the grating {(angles fulfilling 3ragg
conditions for posTtive interference) will be 6g ¢t 80, where 60 ~ 1//N, N being the
number of Bru.gg planes, The angular resolution of the grating will thus be ~ 1//N
(notice: for a given grating and a given incident beam, there will be 1 .ingle
well-defined reflection angle. For a given incident beam and a given reflection angle,
there will be many N-Bragg-planes ratings fulfillirg the Bragg ccndition. The angular
separation between these gratings will be up to S&  1/¢/N).

Figure 2b depicts the way bty which optical radiation can interact ~#ith transparent
matter to produce an intensity grating. Since electrical dipoles intecact with the
gradient of an electric field, and ontical intensity gradient (VI) »111 induce a
material density gradient. An analysis of this effect (elentror.riction) shows that the
effective mechanical pressures involved are closely equa'’ to th. radiation pressure of a
"photon gas" I/c, ¢ = light velocity.

Figure 2c elucidates the amplification process cf a weak optical beam (freaquency w)
precisely rounterpropagating a strong beam (freouency Wgs W-Wgwg<<mg), via Brillov.n
scattering in a transparent materfal, The two counterpropagating beams interfere to
produce a moving ‘ntensity grating of plane separation Ao/2. [° we equals the
sound frequency fcr an acoustic wavelength Agmi,/2, the system will resonate to
pruduce a moving density arating {acoustic wave). The strong beam will be backward
reflected (Bragg r:flectic¢n) from the acoustic wave and frequency shifted just to beat
with the incidenl I eam and to enhance the acoustic wave. The net result of this positive
feedback fs the amplificatior of the weak beam and tha disappearance nf the strong beam.
The gain at each point is proportional to the incident neam's intensity I. To observe a
net gain, the amplification process has to compete with losses due to viscosity (acoustic
wave decay) and to optical absorption,

SBBJ. A coherent oplical beam cf high enough intensity can be backward-raflected
(phase conjugated) and frequency shifted while impinging on a ,jassive transparent
materlal. This {s achfeved via Brillouin scattering. Referring agatn to Fig. 2c, weak
optical beams at frequency wg-wg Arc always present as rero point fluctuatinns, The
backward amplification process through finterference wich the intense bram at frequency
wg, described above, can be applied to the noisy beams. For gn input beam of intensity |
above some threshold intensity l¢y (in Tiquids, f¢p ~ ) GW/cm¢, depending upon the
viscosity and optical absorption tn the passive material), a ncisy beam counterpropagating
the input beam wil' experience a net amplification, thus causing the appearince of a
st'mulated burkward scattered beam, In this process, a stimulated acoustic wave 1y also
being produced. The number N nf .timulated Braqq planes responsible 7or an efficiant
(~ 100X backward reflection of the input beam will detnarmine the anqular {naccuracy
S0(8)v 1//N) of the stimulated pha~e conjug~tion. The anqgular accuracy »of SHUS, which
stems from the fact that the stimulated acousttic waves and the scattering process start
from noise Is in contrast to “he anqular accuracy uf phase conjfugate refloction in
four-wave mixing where the diffraction gratings are being produced vrom wel)l prealigned
be?ms. (For)prnbe beams brighter than zero point fluctuations, {.e., high enough s?gnul
nolse ratio,

cov g oo



SBBS of a Focused Coherant Beam S

%BBS can be achieved by focusing a coherent beam of intensity I into a transparent
material. See Fig. 3a. By using a lens of small enougk fpo(fyo = f/D = focal length/
diameter), the threshold intensity for SBBS can be attained at the focal region which ‘s

" .-.of diameter *gFNo- We list and explain several requirements for achieving a good quality
er

—phase conjuga

eflection of a focused beam:

Y T VP /1A (For threshold intensity at the focal region.)

b. The angular divergence of the stimulited backward reflected beam at the
focal region may be O/f for diffraction-11?1ted recollimation by the lens of diameter D.
This requires the utilization of N = (f/D)¢ stimulated Bragg planes for the stimulated
backward reflection, and consequently the entire focal region. Since the reflectivity R
of each Bragg plane at threshoid is a well-defined quantity determined by the materials
properties, the focal region should not be longer than » A,/R; we thus also require

fNo £ 7 /R .

For each transparent material we thus have a maximum fy,, independent of intensity,
above which no diffraction limited SBBS is possible.

c. The coherence length . required from the laser teing used in SBBS fis
tc > focal length region:

Image Retention in SBBS

To analyze the laser power requirements for high quality image retention of a plase

conjugated beam via SBBS, one decomposes the input beam into a set of plan2 waves

(Fig. db). Each plane wave stimulates {1ts owvy ultrasonic-reflecting scund wave. To
within a first order of magnitude the power requirement from a single plane wave
(attainment of threshold at the focal region) multiplied by the number of plane waves
(which depends on the spatial frequency content of the modulated input beam) will give
the power requirement for image retention. However, it should be realized that for a
glven image, not all fourier ?planp waves) components are of equal int:nsity, For some

requency components threshold may rot be attatned simultaneously with others, thus
preventing high quality image retention of the SBBS beam, We thus have a iimitatinn for
image r_tention in SBBS of a focused beam, which does not holu In four-wave mixing.

This 1imitation can partially be circurvented by using tapered waveyuide
configurations [10-13], as originally suggested by lZel'dovich and analyzed by Hellwarth,

Experimental Demonstration of SBBS with an Ultvaviolet Exclimnr Laser

The first demonstrations of phase conjugate reflection with excimer laser beams were
carrfed out with KrF lasers at 2486 A. Sutcessvul injectlon-locking of the Krf laser
[(4,6] provided \n ~ 1 cm coherence length (\ 50 GHz bandwidth) which was sufficlent
for both four-wave mixing exporiments ?6,7 and SHBS (the free runving laser bandwidth
was ~ 10 A). The nonlinear medium (1iquids) which were used absorbed the uitraviolet
radiation quite strongly (~ 25%/cm). Fur four-wave mixing experiments, this apbsorption
was necessary for the production of thermal gratings. MHowever, for SOB5 the absorption
seemed to deteriorate the reflected beam's quality. Although reflectivities higher than
A~ 70% were attained, tne reflectad bram's divergence was at lcast X7 the diffraction
1imit and the process did not reproduce itself from shot to shot.

In an effort to gain better understmndin? of the phase conjugatior properties of
ttimulated Brillouin scattering and vo conclusively demonstrate efficient phase
conjugation in the ultraviolet. we sought to match liquids which are nonabsorbing with an
ultraviolet laser of long coherence length. In particular, we have successfully
demonstrated tle injection locking of an XeF dlischarge laser using as the Injection
source the cofincidental output of an AR** laser transition at JSI? A [5). This laser,
when used with transparent liquids with large Brillouin yains (and known acoustic decay
times substantially shorter than the 30-ns ?nsor pulse) provided an Ideal situation to
fnvestigate the NSB: process and demonstrated efficient sltraviolet phase conjugation.

TR IR T IR ITT T



. cm) and ~ 40% of its energy 1n other unlocked transitions which are not available for

LAY |

Experimental Setup for SBBS ~

The experimental setup is depfcted ir Fi,. 4. A pulsed low power (~ 1 W) Ar-ion
laser (~ 1-GHz bandwiath) operating on the Ar-IIl 3511 A transition is used to
injection lock an unstable resonator XeF laser., The free-running XeF laser had a R
multiline bandwidth of ~ 1 A (500 GHz), whereas the locked XeF oscillator, described L
in Ref. [8], emits ~ 60X of its energy in the 1 GHz bandwidth (coherence length ~ 50

locking because they originate from different upper states. The ~ 50-mJd output (~ 30-ns
pulse duration) is in a square cross-section beam 18-mm wide with a hole (6-mm diameter)
in the center. The locked radiation is polarized, whereas the remaining unlocked output
1s unpolarized. A detailed description of the injection-locked laser can be found in
Ref. [5]. See paper paper K6 i'n these pioceedings.

Again referring to Fig. 4, the ~ 1-MW locked XeF laser beam is passed through a
variable aperture mask (A) and a variable ND filter (ND) and is focused into a cell
containing a liquid. The focal length of the focusing lens (L) is varied between 15 cm
and 100 cm. A peilicle beamsplitter (8BS, 8% reflectivity) directs the (phase-conjugated)
beam toward a Fabry-Perot etalon with th2 spacing set to 0.5 ¢cm. A corner cube retro-
retlector (RR) directs the aser beam toward the same etalon. A photographic film at the
focal plane of a 100-cm lens (L') can record simultaneously the spectra of the laser and
the phase-conjugated beams. The 30 GHz free spectral range of the etalon and its finesse
(v 20) provide a nigh enough spectral resolution (v 1.5 GHz) to observe the expected
Brillouin frequency shift ?m 6 GHz for Hexane).

A 0.1-A-resoiution ultraviolet giating spectrometer was used to determine whether or -
not the unlocked XefF output was also phase conjugated. The time histories of the laser
and phase conjugated pulses were then analyzed using a fast photodinode, and the
divergence and spatial quality of the beams were photographically recrrded at a large
distance (v 5m) from the liquid cell. The polarization of the phase conjugated beam
was also weasured.

Experimental Results

We have tried soveral liquids as Brillouin scatterers, the best results being obtained
with hrvane, iscpropyl alcohol and benzene. The phase-conjugated reflectivities with
these liquids were ~ 40X of the tota) laser power, which corresponds to ~ 70% of the
fraction of laser power locked to the Ar-ion laser transition. These reflectivities were
obtained with Tocal lengths of 15-50 cm (f-number between 7.5 and 25). Threshold
conditions for BSBS were obtained with a 100-cm foca! length lens and a 4-mm aperture in
front of the laser. For these conditions (fpg ~ 250) the intensity at the focal
region was < 8 GW/cml and the focal depth (Afzo) was ~ 1.8 cm.

Above threshold, the prase conjugated beams w~ere found to be of diffraction-li-iced !
divergence. Flgure 5& shows the laser energy cistribution on the photoqraphic plate
located ~ S m from the laser when a mask of several 4 mm holes was pliced 1t the output
of the laser. Figure 50 shows the energy distribution of the phase-conjugated beam at
the same distance. Both the laser and reflected beams are diffraction limited. The
spacings between the spots in Figs. 5a and 5b are different since the laser output beam
was slightly divergent, and consequently the rhase conjugated beam was slightly
convercent, pruviding additional counfirmation of the conjugatinn process.

Figures 6, 7, and 8 give some instight into the physical process of ultraviolet
phase-conjigation with an XeF laser, |liqure 6 shows the grating spectrogram of the laser
beam (lower spectrum) and the phase conjuqgated beam (upper spectrum). We See that the
reflected beam ¢ontains unly the laser's power spectrum that fc within the ~ 1 GHz
bandwidth locked to the 3511 A Ar-ion line, indicating that the moving gratino formed
in the BSBS process acts as a narrowband filter, A similar filtration effect has
recently been sgen witn degenerate four-wave mixing [14]. Thus, Fig. 6 str.ngly Suggests
that the BSBS has been produced ma nly by the narrow bandwidth, polarized, locked Xef
trancition, An additional confirmation of this filtering process was obtained by finding
that the phase conjugated beam was completely polearized ?the polarization state bdeling
that of the ocking Ar-fon taser). The unlocked transitions were unpolarized.

In Fig. 7 we pregsent the high resolution (1.5 3Hz) Fabry-P.rot interferograms of the
Jaser beam and the phase conjugated beam, Figure 7a shows the locked laser transition
(L). In Fig., ’n there are threec ltnes (L, B), Bp), which correspond to the laser
transition ?L). the phase conjugated beam (8)) frequency shifted by ~ 6 GHr (first
Stoke beam) and a second-Stokes phase-conjugated beam (Bp). We believe that this
second-Stokes beam arises in the following manner: the ;1rst~5tokps beam returns to the
unstable resonator and enters with correct altanment (since 1t s a phase-corjugate
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.reflection). It travels “backwards“ in the cavity until iv reaches the paraiial regicn ,Wf,;
whereupon (alded by self-diffraction) it starts to work it« way back out. It then e

reemerges slightly amplified (since i1ts Brillouin-shifted wavelength is still within the

_ gain-bandwidth of the XeF medium) and subsequently undergoes BSBS in the liquid cell, o

::%:i::::Figure 7c shows only a first-Stokes shift. It was obtained when a 10% transmission ND - _° _

accounting for the doubly-shifted light. . Similar multiple-shift effects were observed by
Hon [12] in Brillouin-scattering pulse- compression studies at 1.06 um, but were first _— _ -—{}—
see” in the early days of BSBS studies. I

filter was placed at the osutput of the XeF laser. The initial output of the XeF laser et

was thus slightly above threshold for BSRS but the first-Stokes reflection experienced !
the attenuation two more times (both entering and lsavinqg the unstable resonator) and so
was below threshold upon its second arrival at the liquid cell.

Oscilloscope trace:z of the laser and phase-conjugated pulses are presented in Fig. 8.
Figure 8a shows the normal XeF laser pulse, whereas Fig. Ub shows the laser output when
the first-Stokes beam is allowed to reenter the cavity. The dip shortly after the peak
is due to gain depletian caused by the first-Stokes beam which at that time is traveling
backwards in the cavity. Figur2 8c shows a typical phase-conjugated BSBS pulse. We
believe that the carlier portion 1s the first-Stokes beam and that the latter portion is
the doubiy-shifted beam. The early termination of the first-Stokes reflection
corresponds to the dip in the laser output see in Fig. 8b,

When the Brillouin rell was moved .o a greater distance (v 5m) from the laser, the
first-Stckes beam returned to the laser after the gain was terminated. In this case the
dip in F'g. 8b disappeared, the duration of the first-Stokes reflection increased (by
A~ 50% of the original width), and no second Stokes was seen,

Additiorally, the effect of bhulk absorption in the Brillouin liquid was examined by
dissolving various absorbers in the hexane or isopropancl. Consideratle degradation of
the siatial quality of the phase-conjugated beam occurred by absorptions > 10%/cm at
IsN The observec bean looked similar to what we have previously obsevved in our
studies of Krf BSBS in 1iquids which were alsorbing at 2485 A. The mechanisms for this
degradation are presently being studied

Conclusions

We have used a 1 MW injection-locked unstable resonator XeF laser to produce efficient
phase-conjugction of an ultraviolet (A=3511 &) heam via stimulated Brillouin scattering.
Approximately 70% of the ! GHz bandwidth XeF laser energy (locked to a reference Ar-ion
trasition) was phase conjugaied by focusing the laser bem into Hexane or isopropyl
alcohol. Approximately 40% of the Xef laser output energy was not available for locking
anc was not phase conjugated. The stimulated acoustic grating in the liquid thus acted
as a narrow-bandwidth filter. B8oth the laser bram and the 1-GHz bandwidth phase-
conjugated beam were diffrection limited,

The first-Stokas retroreflected beam was able to rcenter the Xef unstable resonator
(to which it was automatically mode-matched by the ,hase-conjugation process) a:d to
emerge slightly amplified, thus enabling the gmneration of a second-Stokes phase-
conjugated beam. This effect demonstrates the possibility of using a stimulated
acousting grating as a phase-conjugating mirror for the cavity of a second excimer laser,
enabling study of the propertias of excimer laser operation when one of the mirrors {s a
pha?e cuajugator [15], since tne Lrillouin mirror produces a frequency shift upon each
reflezttion,

Finally, the introduction of an absorber into the Brillouin liquid caused a
cons{derable decerioration of the reflected yram's spatial quality. This problem and the
possibility of parttally circumventing limitation to image retention 1n S5BBS by using
tapered waveguide configurations are presently beingq investigated. It is still ar open
question whelier or not e four-wave mixing conficuration or an S5B8BS configuration ig
practically cdvantageous for phase conjugation . 1 high-pnwer ultraviolct excimer laser
beam,
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(a) = : Figure 2.

a) The Brillouin effect - Bragg
reflection from an ultrasonic

-ty > VELOCITY vy, wave, The Bragg acceptance angle &
(DOPPLER FREQUENCY w, is determined to within an accuracy -
SHIFT) N | _ of 80 = 1/VN.
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b) Electrostrictive radiation
pressure: A radiation intensity
gradient force on a transparent
material., Ap intensity grating
will induce a material density
grating via electrostriction.

INTENSITY [

(c)

c) The amplification of a weak
beam (frequency wg-wg)
counterpropagating a strong beam
(frequency wgy) via Brillouin
scattering.

Figure 3. a) SBHBS of a focused nlane wave. A -mal) enough &y, and a long encugh
coherence length are required for ' gh-quality SBBS.

b) Image retentifon in SEBS can be analyzed by decomposiny the spatially
modulated input beam into a set of plane waves.
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Fig. 4 Experimental setup for phase :
conjugation of an ultraviolet XeF laser " e)
beam via stimulated Brillouin

scattering.

|
a) (b) D :
Fig. 5. Intensity distribution of laser 9
light transmitted through a mask with <
four 4-mm-diameter holes placed at the O
L o)
output of the laser: a) laser beam ©
(slightly divernent): %) phase-conju- ~
gated beam (slightly divergent).
Brillouin 10 50 ’0
Laser Time (ns)
Fig. 8. Time histories of laser and
- phase-conjugated pulses: a) laser pulse
with no Brillouin cell; b) laser pulse )
Fig. 6. Grating spectrogram (0.1 A : showing gain depletion due to backward .
resolution) of the injection-locked XeF traveling Brillouin stgnals; c) first- \
laser (lower spectrum) and the phase Stokes and seconu-Stokes reflections. .

conjugated reflection (upper spectrum).
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